Introduction
Natural convection in rectangular enclosures has been studied extensively, but there have been relatively few studies investigating both the effects of inclination angle and aspect ratio on flow and heat transfer. The effect of inclination angle on heat transfer was first studied by Dropkin and Somerscales [1] who used water, silicone oil and mercury in rectangular enclosure of aspect ratios between 3.5 and 14. Their experiment was performed for Ra , and ° °. Five Nusselt number correlations were given for each respective inclination angle, but the effect of aspect ratio was not included unlike other experimental results from vertical layers [2, 3] . Arnold et al. [4] investigated the effects of inclination angle using water and silicone oil in rectangular enclosures with 1 AR 12, Ra , and ° °. Correlations use the given Nusselt numbers at = ° and ° to predict Nusselt number at other inclination angle, but the effect of aspect ratio was not considered. Ozoe et al. [5] used air in rectangular enclosures of AR = 8.4 and 15.5, and silicone oil in rectangular enclosures of AR = 1, 2, 3 and 4.2, for the range Ra . For silicone oil, the following form of the Nusselt number correlation was proposed, and 5 or 6 different sets of the coefficients A and B were given for each aspect ratio at various inclination angles. A total of 21 sets of coefficients were presented.
(1)
Inaba [6] performed experiments for an air layer of AR , ° ° and 1.2 Ra . For inclination angles of ° 6 °, the average Nusselt number appeared fairly insensitive to the change in aspect ratio, but some data were not in the same range of Ra. More investigation seems needed for smaller aspect ratio range. Hamady et al. [7] studied the effect of inclination angle for air in rectangular enclosure of AR=1 for Rayleigh number between and bot h exp er imentally and nu mer ically. Over-est imat ion of Nuss elt nu mb er fr om th e adiabatic boundary condition compared to the experimental condition was discussed. Visualization of flow patterns and isotherms were presented, but a Nusselt number correlation was proposed for θ ° only. Flow mode transition from inclination was studied numerically for the aspect ratio of 4 by Soong et al. [8] . Hysteresis phenomena showing dual solutions were found to exist as the computation was performed by increasing or decreasing the inclination angle. The effect of initial temperature field and imperfect thermal boundary condition were examined for AR=1 and 3, but Nusselt number correlation was not given. Effects of six different thermal boundary conditions of the vertical sidewalls on flow field and heat transfer were studied numerically for air, for the range of AR , Ra by Corcione [9] . Various Nusselt number correlations were given for bottom, top and side walls for each thermal boundary condition, but only for horizontal cases. Wang and Hamed [10] performed a numerical study for an air-filled rectangular enclosure of AR=4 over the range of and ° °. Effects of four thermal boundary conditions on the sidewalls and hysteresis phenomena were investigated, but Nusselt number correlation was not given. Both experimental and numerical study were performed by Bairi et al. [11] for air layer of AR=0.67 and 1.33 for Ra and ° 36 °. Four Nusselt number correlations were given at various inclination angles, and it was concluded that three-dimensional effects at the edge are small and the two-dimensional model is suitable. But their comparison with published data is confusing De Vahl Davis' data [12] of seem to have been compared with their data(which is in their notation). Previous numerical works in enclosed enclosures include studies on various aspects such as thermal boundary conditions, hysteresis phenomena and inclination angles, but there is no work done on the effect of inclination on flow field and heat transfer over larger range of aspect ratio, as in the present study. Furthermore, there are wide disagreements among correlations and lack of information even for simpler configurations of horizontal or vertical layers, as will be shown later. Relevant and practical studies can be found in literature [13, 14, 15, 16] . Figure 1 shows the geometry of the present numerical study. The bottom and the top of the rectangular enclosure are kept at constant temperatures and respectively, and are separated by height H. The other two facing sidewalls are adiabatic as indicated in fig. 1 . For the computational domain, a power-law grid was used with higher density near the walls. Governing equations for steady two-dimensional laminar flow with constant properties and Boussinesq approximation are as follows.
Analysis
The discretized equations were solved using PHOENICS [17] . But, the buoyancy terms were coded separately into PHOENICS, and the provided method in PHOENICS was not used. The pressure-velocity coupling in PHOENICS is solved by the SIMPLEST [18] algorithm in which coefficients for the momentum equations contain only diffusion contributions and the convection terms are added to the linearized source terms. The convective terms were approximated by the hybrid scheme in almost all cases, but Van Leer' second order scheme [19] and the SMART scheme of Gaskell and Lau [20] were also used to remove numerical oscillations in some cases, as discussed in the next section. The sum of the absolute value of the residuals for each variable, the change of local values at a specific location, and finally the average Nusselt number were monitored with iteration. The relative change of the velocities, pressure and temperature were all less than when solution was regarded as converged. At low Ra, the relative change in Nu was practically zero, and less than even near flow-mode transition to a uni-cell where a sudden drop in heat transfer occurred. But, convergence was more difficult to achieve for Ra= , and near the flow-mode transition to a uni-cell. There were very small fluctuations in the average Nusselt number, but the relative change was about for AR=8 near the flow-mode transition to a unicell. The average Nusselt number was calculated as
Results and Discussion
A square cavity with differentially heated sidewalls and adiabatic top and bottom walls was solved first in order to validate the code. As with Barakos et al. [21] , the temperature difference was kept at and the reference temperature was . The cavity dimension was increased to obtain higher Ra, and the same dimensions of Barakos et al. [21] were used. Figure 2 shows the computed results of velocity field, streamlines, and isotherms for Ra= , and . Computed average Nusselt number, the maximum and minimum Nusselt numbers and velocities, and their locations are listed in tab. 1. Two-dimensional [12, 21, 22] and three-dimensional results [23] at Ra= . The difference in the average Nusselt number between 60 6 0 gr i d a n d 8 0 8 0 gr i d wa s a b ou t 0 . 2 % , a n d t h e p r es en t r es u lt s i n t ab. 1 were all obtained with 80 80 non-uniform grid. Figure 3 shows comparison of present field variables with the experimental data of Krane and Jessee [24] for Ra= . Current results in fig. 3 show a fairly good agreement with experimental data, except for some under-prediction of the velocity maxima.
For computations of all configuration, the =0 case was computed first, and its velocity and temperature fields were used as initial conditions for subsequent inclination. The inclination angle was increased by 5 or 10 , but was increased by 1 near flow mode transition where there may be a sudden change in heat transfer. Figure 4 shows computed results at various inclination angles for AR=1 and Ra= . Small recirculating cells in the lower right hand corner and in the upper left hand corner in fig. 4 (a) become much larger at =15 in fig. 4(b) . It can be seen in fig. 5 that the growth of these secondary cells is accompanied by decline in overall heat transfer. As the inclination angle is increased further, these cells in the corner disappear and fig. 5 shows a sudden increase in heat transfer. At =90 vertical walls are isothermal, and two co-rotating cells are formed in the center streamline as in fig. 2(c) . The velocity field was not plotted at all grid points for clarity.
Hamady et al. [7] and Kuyper et al. [25] investigated the effect of inclination on heat transfer for AR=1 numerically. Their initial computation was performed for = at which the hot wall is at the top, and the inclination angle was decreased for subsequent calculations. Three-dimensional calculations for Ra=1.1 using the QUICK scheme by Hamady et al. [7] became unstable below , and convergence of two-dimensional calculation for Ra= using central difference scheme by Kuyper et al. [25] was reported too slow for inclination angle below 20 , and further calculations were not cons id er ed. I n t he pr es ent ca lcu la t ion for Ra= , t he init ia l comp u tat ion at = using hybrid difference scheme(which is the same as the central difference scheme for absolute grid Peclet number less or equal to 2) was unstable. A steady-state solution for = could be obtained with Van Leer ' second or der, bounded T VD scheme [1 9] which is known to eliminat e spurious numerical oscillations, and this scheme was used up to = . The difference in average Nusselt number between Van Leer's scheme and the hybrid scheme was about 0.13% for = . The SMART scheme of Gaskell and Lau [20] was also tested, and the difference in average Nusselt number between Van Leer's scheme and SMART scheme was 0.15% for = .
Depending on whether computation is performed increasing or decreasing the inclination angle, transition between a multi-cell structure and a unicell structure was found to occur at a different inclination angle [8, 10] , and the investigation about this hysteresis was not repeated in the present study. The average Nusselt number of Hamady et al.'s experimental data for = and Ra = [7] is about 7.8, and this value is about 11% lower than the benchmark value of De Vahl Davis [12] . However one study [26] shows that using the experimental boundary condition gives around 20% lower average Nusselt number than the numerical solution obtained with the adiabatic boundary condition in the range Ra . Thus, care must be taken when comparing with experimental results that had conduction near the end walls. Present results and numerical results of Kuyper et al. [25] for Ra= are almost identical over the range . The difference in the average Nusselt number between 34 68 grid and 50 100 grid for AR=2 and Ra= was about 0.05%, and 34 68 grid was used in all calculations of AR=2 case. As the angle was increased from the = case of fig. 6 (a) the lower cell starts to shrink, and a secondary flow formed in the upper right hand corner as can be seen in fig. 6(b) . Figure 7 shows that heat transfer is the lowest at this inclination angle of . Though not shown in fig. 6 (d) of = , there were two co-rotating cells in the center as in = case. Compared to the gradual flow transition for Ra= , two-cell to one-cell flow transition takes place at = in the case of Ra= , where a sudden drop in average Nusselt number can be seen in fig.7 . At , two small secondary flows formed in the opposite corners in addition to the main recirculating cell. But as the inclination angle is increased, these became weak and the boundary layer near the walls became thinner leading to increase in overall heat transfer. Figure 8 (a) shows a four-cell structure at = for a rectangular enclosure with AR=4. The four-cell structure remained up to = , and it changed to a three-cell structure of 1.96:1:1.86 size ratio at =
. The three-cell-structure persisted up to = as the upper cell increased 27% in size whereas the size of middle cell decreased 55%. The location where the average Nusselt number shows a sudden decrease in fig. 9 is where the three-cell structure changes to a single cell. Though not plotted in fig. 8(d) there was a weak tertiary flow in the middle of the enclosure at = . Comparison was made with the numerical results of Soong et al. [8] to verify the accuracy of the current results, and f ig. 1 0 s hows a ver y clos e a gr eement . F igu r es 11 a nd 12 s how s imila r r es u lt s of flow field and average Nusselt number obtained with AR=8. Inclination angles where flow mode transition takes place were very close to the AR=4 case, but average Nusselt number for AR=8 was lower for larger inclination angles due to decrease in heat transfer from growing thermal boundary layer thickness along the active walls. Local heat transfer rates along the hot wall for AR=1 and 8 are plotted in fig. 13 . The inclination angles of the maximum and minimum heat transfer are plotted in fig. 14 for aspect ratios of 1, 2, 4 and 8. The maximum heat transfer occurs between and for the square enclosure, but the inclination angle of the maximum heat transfer approaches with the increase of aspect ratio. The inclination angle of the minimum heat transfer in fig. 14 is the angle where flow-mode transition occurs with subsequent change in Nusselt number. It occurs between and for AR=1, and its location increases about as the aspect ratio approaches 4. The multi-cell structure changes to single cell at lower inclination angle for high Rayleigh number case, and this leads to minimum heat transfer at lower angles. As with the maximum heat transfer, the location of minimum heat transfer hardly changed from AR=4 to AR=8. Some published experimental results [4] claim that the secondary maximum heat transfer occurs at 9 for AR=1, 3, 6 and 12. However, [5] show that the secondary maximum occurs at angles less than 9 for 1≤AR≤15.5, as the present results show in figs. 5, 7, 9 and 12.
Equations (7) and (8) below are derived based on the present numerical results and comparison is made in fig. 15 . Equation (7) predicts the present data within %, and eq. (8) predicts the , , present data within 9% for ≤Ra≤ . Other relevant published correlations for air layers are listed in tab. 2. The slope to Ra for = in eq. (7) is close to that of Inaba's correlation [6] 's 0.258. For vertical layers of = , the slope to Ra for AR=1 was 0.299 for AR=1, which is close to Berkovsky and Polevikov [27] 's 0.29. The correlations of Berkovsky and Polevikov [27] for = are for 1<AR<2, and for 2<AR<10. They are recommended in some widely used textbooks [28, 29] . For other aspect ratios of (8) is the average of these values. This value is a bit lower than Berkovsky and Polevikov [27] 's 0.28. For AR=1, a separate correlation with the exponent of 0.3 is more appropriate, but comparing the results with the correlations of Hamady et al. [7] and Berkovsky and Polevikov [27] , eq. (8) was found quite adequate for AR=1 also. Figures 16 and 17 show comparisons of various Nusselt number correlations in tab. 2 in the range ≤Ra≤ and for AR=8 only, which is close to the valid range of correlations listed. Figure  16 shows that the current correlation compares fairly good with others except for Inaba's correlation [6] . The aspect ratios used to derive Inaba's correlation [6] were mostly 5, 10, and 29, and Ozoe et al.'s [5] is based on AR=8.4 and 15.5, and up to Ra . But, the difference between the two experimental correlations of air layers is 22% at Ra= and over 30% at Ra= if correlation of Ozoe et al. [5] is extrapolated. For horizontal layer of air, only correlations [27] , and 10-12% higher than Inaba's [6] . The current correlation and that of Berkovsky and Polevikov [27] compare better for lower aspect ratios. Although not shown in fig. 17 , correlation of Newell and Schmidt [32] is 35% higher than that of Jacob's correlation [33] at Ra= . It's a small range of parameters that has been compared, but predictions from experiment do not agree well ig. 17 shows that values from Yin et al.'s correlation [30] are 37 to 40% higher than those of Jacob's correlation [33] over the range ≤Ra≤ . In Holman's textbook [34] , correlations are given for larger aspect ratio only for gas in vertical enclosure, and one of them is 0.197 for 11 AR 42 and 6,000≤Ra≤ 2 . This correlation is almost the same as the Jacob' correlation [33] which is based on the experimental work of Mull and Reiher [35] , and the correlation constant was adjusted by Holman [34] . Holman's correlation is compared with others for AR=20 in fig. 18 . It should be noted that Eckert and Carlson's correlation [31] and eq. (8) in fig. 18 are out of valid correlation range. In fig. 18 , Yin et al.'s correlation [30] yields values as much as 37% higher than those of Holman's correlation [34] . ElSherbiny et al. [36] who performed experiments with air and perfectly conducting connecting walls show that the slope to Ra is about 0.25 up to Ra 2 10 6 for AR=5. The slope to Ra for AR=10 was about the same as AR=5 in the range of ≤Ra≤ but the slope becomes about 1/3 for AR=20 in the same range of Ra. However, experimental results of Inaba's [6] do not show such a change in the exponent of Ra as the aspect ratio is increased from 5 to 29. The values from the correlation of ElSherbiny et al. [36] for AR=20, which is [1+(0.64Ra
, are almost identical to Newell and Schmidt [32] 's in fig. 18 , and thus are not plotted. Aside from the large inconsistency among correlations, a question can be raised here: which is the correct exponent to Ra for larger aspect ratio of vertical layers, such as AR 20? In summary, there seem to be lack of detailed heat transfer studies for both horizontal and vertical layers of low aspect ratio, namely AR 10. And, correlations for vertical layers vary widely even for large aspect ratio studies, and there is a need for some general consensus. 
Conclusions
A numerical study for two-dimensional natural convection in differentially heated enclosure has been performed to investigate the effect of aspect ratio and inclination angle on flow and heat transfer over the range 1 AR 8, , and Ra . It was found that the inclination angle where the minimum heat transfer occurs has a close relationship with the flow structure transition. For small aspect ratios of 1 and 2, the secondary flow developed in the corners of enclosures was found to cause a decrease in heat transfer. For large aspect ratios of 4 and 8, a sudden decrease in heat transfer occurred as three-cell structure changed into a single cell.
The inclination angle where the maximum heat transfer occurs is larger than for aspect ratios of 1 and 2, and it moves closer to as Ra increases. For larger aspect ratios of 4 and 8, the maximum heat transfer occurs at for all Rayleigh numbers. On the other hand, the inclination angle where the minimum heat transfer occurs was found to increase with aspect ratio. For larger Rayleigh numbers the minimum heat transfer occurred at a lower inclination due to earlier transition from a three-cell to one-cell structure.
Correlations for average heat transfer were developed for horizontal and vertical air layers for low aspect ratios, and comparisons were made with published results. There are large inconsistencies among published results, and more studies involving some form of consensus are needed. 
Greek symbols
Nu x -local Nusselt number, [-] Nu -average Nusselt number (= ), [-] Ra -Rayleigh number (= ) 
